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Abstract 
Following the recent improvement of the heat treatment pattern for the ITER CS conductor from 250 hour at 650qC to 250 hour 
at 570qC and then 100 hour at 650qC, the mechanical properties at 4 K and the material structure of the conductor jacket made of 
JK2LB after heat treatment including the 570qC phase were studied. The mechanical test results at 4 K showed no noticeable 
difference with the jacket heat-treated only at 650qC to the one additionally heat-treated at 570qC. Both satisfied the ITER 
requirement. The metallographic test results also did not show large difference. In conclusion the 570qC step does not affect 
noticeably the JK2LB jacket and the improved heat treatment pattern is applicable. 
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
The Japan Atomic Energy Agency (JAEA) is in charge of procuring the Central Solenoid (CS) conductor [1] for 
the International Thermonuclear Experimental Reactor (ITER) project. The CS conductor, whose unit length is 900 
m at maximum, is mainly composed of 576 Nb3Sn superconducting strands, 288 Cu strands and the jacket. The 
jacket is a square pipe with circular bore as shown in Fig. 1(a). The cable is inserted into the jacket after bundling the 
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strands. The width of the jacket is 51.3 mm and the diameter of the inner circular hole is 35.3 mm. The unit length of 
the jacket is 7m and units are connected by butt-welding to form the 900 m maximum section before insertion of 
the cable. The material of the jacket is JK2LB, a high manganese stainless steel [2,3] developed by JAEA in 
cooperation with Kobe Steel Co., Ltd. JK2LB was selected as CS jacket material because it has the following 
material characteristics superior to SS316LN: good mechanical strength at 4.2 K to satisfy ITER requirements after 
reaction heat treatment of the Nb3Sn superconductor [4]; low fatigue crack growth rate (FCGR) to resist 60,000 
cycles of hoop stress caused by electromagnetic forces in CS coil operation [5]; low thermal contraction from room 
temperature to 4 K close to that of Nb3Sn in order not to apply large strain from the jacket to the superconductor. 
The specification of the chemical composition of JK2LB is shown in table 1.  
The heat treatment pattern of the CS conductor is decided considering the performance of the superconductor. It 
means that the aging heat treatment pattern the jacket has to undergo depends on what is optimal for the strands. The 
pattern of heat-treatment to react Nb3Sn strands applied so far included 200 hour at 650qC and the mechanical 
properties of the jacket were also evaluated after heat-treatment by this pattern. But recent study showed an 
optimized pattern to improve the critical current (Ic) of the superconducting strand and the current sharing 
temperature (Tcs) of the conductor. It now includes 250 hour at 570qC and then 100 hour at 650qC [6]. So the jacket 
had to be re-evaluated considering the 570qC phase in the heat treatment. 
In general, stainless steel may show induced sensitization by heat-treatment in the temperature range of 550 to 
700qC. The sensitization of JK2LB after heat treatment at 650qC for 200 hour was already reported and a ditch 
structure was shown [7]. Even at such a level of sensitization the JK2LB jacket satisfied the mechanical property 
requirements by ITER [4]. However, the 570qC phase for 250 hour has not been evaluated yet. In this study 2 short 
jacket samples were prepared and heat-treated to include 570qC and 650qC phases. The effect of the 570qC phase in 
the heat treatment for the material structure of JK2LB was studied by comparing metallographic test results. Also the 
effect of the 570qC phase on the mechanical characteristics of JK2LB was studied by mechanical test at 4 K and it 
was confirmed that the results satisfy the ITER requirement. 
2. Preparation of test samples 
For this study one jacket sample was cut into two pieces called “jacket A” and “jacket B”, then heat-treated 
following each pattern. Jacket A was heat-treated including 250 hour at 570qC and then 200 hour at 650qC. Jacket B 
was heat-treated for 200 hour at 650qC. The heat treatment patterns of jackets A and B are shown in Fig. 2. The heat 
treatments were carried out in vacuum at 30 Pa. The heat treatment time of jacket A was set longer than the 
optimized pattern for Nb3Sn strands described previously in order to compare jacket A and B clearly. 
Before the heat treatment the samples have undergone the same fabrication recipe for the CS coil after the 
insertion of the cable, as shown in the following step which is called “pre-test cycle”:(i) compaction (outer 
dimension is reduced from 51.3 mm × 51.3 mm to 49 mm × 49 mm), (ii) bending to a radius of 2000 mm, which 
corresponds to the radius of transport spool, (iii) straightening, (iv) bending to a radius (1300 mm), which 
corresponds to the radius of the inner side of CS coil, (v) straightening. 
After the procedure (v) the sample was cut into 2 pieces and heat treatments were carried out. After the heat 
treatment, tensile test specimens, fracture toughness test specimens and FCGR test specimens were cut from jackets 
A and B as shown in Fig. 1. The specimens were machined considering the side of the bending process (ii) and (iv) 
in the “pre-test cycle” and their directions of notches as shown in Fig. 1. Jackets A and B were also analysed by 
metallographic test. 
     Table 1. Specification of the chemical composition of JK2LB. 
C N Mn Cr B Ni P Mo Co Si S
ӌ0.030
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< 0.025)
0.09
 -
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20.50
-
 22.50
12.00
-
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8.0 
- 10.0
ӌ0.015
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0.5 
-
1.5
ӌ
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< 0.008)
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Fig. 1. The shape of mechanical test specimens and the cut position from jacket. (a) Explanation of the tensile and compressive sides in the 
bending process in the pre-test cycle. (b) The shape of tensile test specimens. (c) The shape and direction of fracture toughness test specimens. (d) 
The shape of fatigue crack growth rate (FCGR) test specimens. 
Fig. 2. Heat treatment pattern of the samples: (a) for jacket A; (b) for jacket B. 
3. Result of mechanical test at 4 K 
For tensile test at 4 K, eight specimens from jacket A and five specimens from jacket B cut from the corner part 
and flat part of the jackets were tested according to JIS Z 2277. The results of tensile tests at 4 K of jackets A and B 
are shown in Fig. 3. As shown in this figure, there are no noticeable differences between the results of both in terms 
of 0.2% yield strength (YS), ultimate tensile strength (UTS) and elongation (EL). And both jackets satisfied the 
requirements from ITER, which are more than 850 MPa of YS, 1150 MPa of UTS, and 25% of EL. 
For fracture toughness test at 4 K, two specimens were tested from jackets A and B according to JIS Z 2284. All 
specimens for fracture toughness test are cut from only the tensile side of bending with longitudinal notches as 
shown in Fig. 1 because in the operation of the real CS coil the jacket mainly suffers from tensile hoop stress caused 
by its electromagnetic force. So it was considered that the tensile side of the bending receives a larger stress than the 
compressive side and should be noted. The direction of the notch is consistent with the direction of rolling. The 
results of fracture toughness tests KIC(J) at 4 K of jackets A and B are shown in Fig. 4. Regarding fracture toughness 
there are not many differences between the obtained values from jackets A and B, as well as the result of tensile 
tests. Both jackets satisfied the requirement from ITER, which is more than 130 MPa m .
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For the FCGR tests at 4 K, four specimens from jacket A and two specimens from jacket B were prepared. The 
specimens were machined considering the side of the bending process and their directions of notches as shown in 
Fig. 1 and many patterns of the samples were tested to obtain data because fatigue crack growth in the real coil 
depends on not only the material characteristics but also on the size of possible initial cracks or scratches in the 
fabrication process. The more detailed histories of the specimens are described in table 2. All samples were tested at 
liquid He temperature and the test frequency was 10 Hz. The maximum load was 5 kN, but 5.5 kN for only sample 
No. B-Tens-Long(2). The ratio of maximum and minimum load was 0.1 for all. The results of FCGR tests at 4 K are 
shown in Fig. 5 and table 2. The results are shown in terms of the fatigue crack growth rate (da/dN, m/cycle) as a 
function of amplitude of stress intensity factor (' K , MPa m ), as based on Paris’s law, see equation (1):
mKC
dN
da ' .   (1)
In Fig. 5 the results show that the fatigue crack growth rates of jackets A and B are almost the same. This means 
that 570qC for 250 hour of heat treatment does not affect the characteristic of FCGR of JK2LB. The results in Fig. 5 
also show some dependences of FCGR on the cut position and direction of the specimens. The fatigue crack growth 
rate of transversal direction is slower than that of longitudinal direction. However differences between tensile side 
and compressive side are not significant. 
Fig. 3. Result of tensile test at 4 K of jacket A and jacket B. UTS: Ultimate Tensile Strength, YS: 0.2% Yield Strength, EL: Elongation. 
Fig. 4. Result of fracture toughness test at 4 K. 
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Table 2. Cut position of FCGR specimens and the obtained values of the constants C and m in Paris’s law 
 from the test results of FCGR at 4 K. 
Specimen Name Jacket No. Cut Position Direction C/10-13 m 
No. A-Tens-Tr A Tensile side Transversal 3.020 3.496 
No. A-Comp-Tr(1) A Compressive side Transversal 2.584 3.570 
No. A-Comp-Tr(2) A Compressive side Transversal 2.314 3.583 
No. A-Comp-Long A Compressive side Longitudinal  1.898 3.696 
No. B-Tens-Long(1) B Tensile side Longitudinal  2.445 3.636 
No. B-Tesn-Long(2) B Tensile side Longitudinal  2.033 3.679 
Fig. 5. Result of fatigue crack growth rate (FCGR) test for jackets A and B at 4 K. 
4. Result of metallographic test 
During metallographic test, measurement of grain size and corrosion test were carried out. The measurement of 
grain size was carried out for both jackets A and B in accordance with ASTM E112-12. The result showed that the 
grain size of both jackets A and B were grain size No.5 in ASTM E112-12.  
Since the grain size of both jackets before heat treatment is No. 5.5, it is concluded that both heat treatment 
pattern do not affect much the grain size of the JK2LB jacket. As corrosion test, the 10% oxalic acid etch test in 
accordance with ASTM A 262 Practice A was applied to jacket A and jacket B and also the jacket before heat 
treatment.  
The obtained microphotographs are shown in Fig. 6. From these figures, heat-treated samples (Fig. 6(a) and (b)) 
show progress of sensitization in the structure before heat treatment (Fig. 6(c)). Fig. 6(a), which was obtained from 
jacket A, is seemed to be a little more sensitized than Fig. 6(b) which was obtained from jacket B. However, all 
results were judged as “Dual Structure”. From these result, it is concluded that the 570qC phase for 250 hour of heat 
treatment introduced sensitization in JK2LB slowly, but did not introduce so much sensitization that it changed the 
mechanical properties of JK2LB. 
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Fig. 6. Result of microscopic observation after the 10% oxalic acid etch test (ASTM A 262 Practice A). (a) Jacket A (heat-treated for 250 hour at 
570qC and then 200 hour at 650qC), at a magnification of 200 times, the result was judged “Dual Structure”. (b) Jacket B (heat-treated for 200 
hour at 650qC), at a magnification of 200 times. The result was judged “Dual Structure”. (c) Before heat treatment of jacket A and jacket B, at a 
magnification of 500 times. The result was judged “Dual Structure”. 
5. Conclusion 
In this study the effect of a new 570qC phase in the heat treatment on the mechanical characteristics at 4 K and 
material structure of JK2LB were studied by comparing jacket specimens heat-treated at 570qC for 250 hour and 
then 650qC for 200 hour (the jacket A) with those exposed to 650qC for 200 hour (the jacket B). The mechanical test 
results at 4 K showed that there are not noticeable differences between the two samples in terms of tensile test and 
fracture toughness test at 4 K and both satisfied the ITER requirements. The result of FCGR at 4 K showed that the 
crack propagation rates of the two samples were almost the same. In the microscopic observation after 10% oxalic 
acid etching, although there was a little more sensitization on jacket B than jacket A, both results were judged “Dual 
Structure”. In conclusion, the 570qC phase for 250 hour of heat treatment introduces minor sensitization of JK2LB 
slowly, but does not affect mechanical property of the jacket. Therefore a heat treatment at 570qC for 250 hour is 
applicable to the JK2LB jacket of ITER’s Central Solenoid. 
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